Objective-To evaluate and compare the correlations of various circulating persistent organic pollutants (POPs) with fat mass percentages (FM%) of trunk, leg, and whole body measured by Dual-energy X-ray absorptiometry.
Introduction

Methods
Study population
NHANES is a national survey on the health and nutritional status of U.S. residents. A complex sampling process based on census information was used to randomly select a nation-wide representative sample in each survey ( 20 ) . Participants completed an in-home interview with trained health professionals, and were then invited to a mobile examination center for physical examinations ( 21 ). Venous blood samples were collected without fasting requirement ( 21 ). The study protocol was approved by the institutional review board at the Centers for Disease Control and Prevention (Atlanta, Georgia), and written informed consents were obtained from all participants.
The current study involved participants surveyed between 1999 and 2004, as both body composition data and detailed POP data were available in these survey cycles. Of the 31,126 U.S. residents surveyed, 2358 people were included in the analysis (see Supplemental Material, Derivation of final analytic sample; Supplemental Material, Figure S1 ).
DXA measurements
Hologic QDR 4500A fan beam x-ray bone densitometer was used (Hologic, Inc., Bedford, Massachusetts) for DXA scans ( 22 ). Hologic Discovery software (version 12.1, Hologic, Inc.) was used to analyze original scan results and to derive fat mass and lean mass. Body regions, including head, arm, trunk, and leg, were delineated manually using tools provided by the software (see Supplemental Material, Definition of body regions). Missing readings for DXA data were imputed five times using sequential regression multivariate imputation in the SAS-callable software package IVEware ( 23 ). All five datasets were provided, allowing analysts to incorporate the extra variability due to imputation into analyses ( 23 ). In the current study, 263 participants had 1 or more missing DXA measurements imputed (with <5% of all data points imputed). Body fat mass percentage (FM%) for the whole body and each region (trunk and legs) was calculated as fat mass divided by total mass times 100.
Persistent organic pollutants measurements
Several categories of POPs have been measured in serum from NHANES 1999-2004. These included: 1) persistent chlorinated pesticides and their pesticide metabolites, such as p,p′-DDT, p,p′-DDE, and β-hexachlorocyclohexane (β-HCH); 2) PCDDs and PCDFs, such as 1,2,3,6,7,8-hexachlorodibenzo-p-dioxin (1,2,3,6,7,8-HxCDD), 1,2,3,4,6,7,8,9-octachlorodibenzodioxin (1,2,3,4,6,7,8,9-OCDD), and 1,2,3,4,6,7,8-heptachlorodibenzofuran (1, 2, 3, 4, 6, 7, ; and 3) PCBs, such as dioxin-like PCB126 and PCB169, and non-dioxin like PCB138 and PCB180. Laboratory procedures for POP measurement have been described elsewhere ( 21 ). Briefly, POPs were measured in serum by high-resolution gas chromatography/isotope-dilution high-resolution mass spectrometry using isotope dilution for quantification ( 21 ). The numbers of POPs measured were 49 in NHANES 1999 NHANES -2000 NHANES , 64 in 2001 NHANES -2002 NHANES , and 68 in 2003 NHANES -2004 . We focused on those measured in at least two survey cycles for a reasonable sample size. Both original POP concentrations and lipid-adjusted concentrations (standardized to total serum lipids based on total cholesterol and triacylglycerol) were provided. In all NHANES laboratory datasets, values below the limit of detection (LOD) were replaced with LOD divided by the square root of 2 ( 24 ). In the primary analysis, we focused on the 20 POPs with ≥70% participants having values above LODs, for maximizing the number of POPs involved in the main analysis while maintaining a reasonable percentage of participants with values above LODs, which leaves meaningful variations in POP values for correlation analyses. We further included 26 POPs with detection rates between 30% and 69% in a secondary analysis ( 25 ).
Covariates
Information on demography, lifestyle, prevalent diseases, and history of lactation and parity for women was collected using survey questionnaires during the in-person interview ( 21 ). Ethnicity was categorized into non-Hispanic White, non-Hispanic Black, Mexican, other Hispanic group, and other ethnic group including multi-ethnicity ( 26 ). Educational attainment was categorized as high school or below, any college, and college graduate or beyond. Smoking status was classified as never smoked, past smoker, current smoker with ≤10 cigarettes per day, current smoker with 11 to 20 cigarettes per day, and current smoker with ≥21 cigarettes per day. Alcohol consumption was divided into nondrinker, 1-3 drinks/ day, or ≥4 drinks/day. Regular moderate-to-vigorous physical activity and self-reported chronic diseases were categorized as yes or no. History of parity was self-reported number of pregnancies that resulted in successful delivery, whereas history of lactation was defined as lactation ≥ 1 months. Trained study technicians measured body weight and standing height following a standard protocol ( 27 ).
Statistical analysis
Since the amount of missing data varied among POPs, we utilized non-missing data for each POP to preserve statistical power as much as possible. Natural log-transformation was performed to improve the normality of lipid-adjusted POPs and FM%. The strength of associations between lipid-adjusted POPs and FM% were evaluated by sample-weighted partial Pearson correlation coefficients. Covariate-adjustment included age (in years), gender, ethnicity, education, regular moderate-to-vigorous physical activity, smoking status, and alcohol consumption, and, for women, history of parity and history of lactation. Correlation coefficients of lipid-adjusted POPs with trunk FM% and leg FM% were then compared using Wolfe's method for the comparison of dependent correlation coefficients estimated in the same study sample. According to this method, the hypothesis that correlation between POPs and trunk FM% equals the correlation between POPs and leg FM % is equivalent to the hypothesis that correlation between POPs and (trunk FM%-leg FM%) equals zero ( 28 ). Standardized z scores of trunk fat and leg fat were used in the analysis (ΔZ=Z trunk FM% -Z leg FM% ), to minimize the influence of between-person variation of variables. To test the significance of the correlation coefficients between POPs and ΔZ, Fisher's z transformation and t statistics were applied and t statistics was used to evaluate the statistical significance, with the variance for the transformed correlation coefficients being 1/(n -3) ( 28 ).
Because of the multiple-imputation procedure, all statistics were calculated within each imputation dataset first, and then the means of these estimates were generated to derive a composite single statistical estimate ( 29 ). The variance for the composite estimates were developed by the method of Rubin and Schenker ( 29 ), in which total variance accounts for both the within-imputation variance (W) and the between-imputation variance (B) according to the formula T = W + (6/5) × B. W was calculated as the average of individual variance estimates. B was calculated as , where Q i 's are the individual estimates and Q̄ is the mean of the 5 individual estimates. Degree of freedom was determined using the method introduced by Barnard and Rubin ( 30 ). We used 47 (the number of primary sampling units minus the number of sampling strata) as the degree of freedom for complete data ( 31 ). To control for age and time-trend as much as possible, we also conducted age-stratified analyses (<40 years, 40 to 59 years, ≥60 years). Since the patterns of correlations were similar for participants aged 40 to 59 years and ≥60 years (See Supplemental Material, Table S1 ), we combined the two subsamples.
In secondary analyses, correlation coefficients between lipid-adjusted POPs and absolute fat mass were calculated with additional adjustment of body height. We also performed factor analysis among participants with all 20 POP values above LOD (n=189), and analyzed the correlation of factors (eigenvalue>1) with region fat distribution. To take into account multiple comparisons, we applied the Holm-Bonferroni method for the correction of P values. Data were analyzed in SAS, version 9.4 (SAS Institute, Inc., Cary, North Carolina).
Results
Characteristics of the study population stratified by age are shown in Table 1 . In comparison with younger adults, participants aged 40 and over were more likely to be women, nonHispanic White, non-smokers, and non-drinkers, and with higher education. Older age was also strongly associated with more trunk fat and leg fat, as well as higher serum concentrations of all POPs.
In the total population, twelve out of the 20 POPs were significantly correlated with at least one of total FM%, trunk FM%, and leg FM% after Holm-Bonferroni corrections ( Table 2 ). The correlations with body fat varied for different POPs: β-HCH, 1,2,3,4,6,7,8-heptachlorodibenzodioxin (1,2,3,4,6,7,8-HpCDD), 1,2,3,4,6,7,8,9-OCDD, and PCB126 were positively correlated with body fat, whereas PCBs with ≥6 chlorines were inversely correlated with trunk and leg FM%. When we compared the correlation coefficients between trunk FM% and leg FM% for each POP, the correlations with trunk FM% were consistently stronger than those for leg FM% for β-HCH, 1,2,3,4,6,7,8-HpCDD, 1,2,3,4,6,7,8,9-OCDD, PCB126, PCB153, PCB169, PCB170, PCB180, PCB187, PCB194, PCB196, and PCB199. Table 3 shows age-stratified partial Pearson correlation coefficients between serum POP concentrations and body fat in participants <40 years and older participants. Overall, the inverse correlations between PCBs with ≥6 chlorines and body fat persisted in both age groups, but the correlations for oxychlordane, trans-nonachlor chlordane, p,p′-DDE, β-HCH, PCDDs, and PCBs with ≤5 chlorines differed between age groups. Chlordanes and p,p′-DDE were inversely associated with body fat among participants <40 years, but showed null or positive correlations with body fat among participants aged 40 and above. In contrast, β-HCH, PCDDs, and PCBs with ≤5 chlorines tended to be positively correlated with trunk and leg FM% among participants ≥40 years, but not among younger participants. When correlations of POPs with trunk FM% and leg FM% were compared, correlations for trunk FM% remained stronger than those for leg FM%. Specifically, stronger positive correlations of β-HCH, 1,2,3,4,6,7,8-HpCDD, 1,2,3,4,6,7,8,9-OCDD, PCB118, and PCB126 with trunk FM% were observed among participants aged 40 years and above, whereas stronger inverse correlations of PCBs ≥6 chlorines, including PCB138, PCB153, PCB169, PCB170, PCB180, PCB187, PCB194, PCB196, and PCB199, with trunk FM% were mainly observed in participants <40 years.
Findings were similar when absolute body fat mass was modeled (Table S2) . Regarding the correlation coefficients with FM% for POPs detected in 30% to 69% participants (Table S3) , the correlations for trunk FM% were generally stronger than leg FM% as well, although fewer significant correlations and significant differences in correlations were observed. Consistent with differences in correlations of POPs with trunk FM% and leg FM%, we observed significant correlations between POPs and trunk/leg fat ratio for most of these pollutants, except for β-HCH (Table S4 ). In the factor analysis, three factors were generated with >80% variance explained overall (Table S5 ). Factor 1 included PCBs with ≥6 chlorinates, factor 2 included PCDDs and PCDFs, and factor 3 included chlorinated pesticides. In consistent with our major findings, the PCB factor showed stronger inverse correlation with trunk FM%, and the PCDD and PCDF factor showed stronger positive correlation with trunk FM%, although the pesticide factor showed no differences in correlations with regional body fat depots.
Discussion
In this large, nationwide U.S. population, we found various correlation patterns between serum lipophilic POP concentrations and regional body fat distribution. The correlations of POPs with trunk fat were generally stronger than those with leg fat, especially for β-HCH, 1,2,3,4,6,7,8-HpCDD, 1,2,3,4,6,7,8,9-OCDD, PCB126, PCB153, PCB169, PCB170, PCB180, PCB187, PCB194, PCB196, and PCB199. These findings were independent of an array of demographic and lifestyle factors, including age, sex, smoking status, history of parity, and history of lactation for women, and they were observed in both young and older participants.
To our knowledge, the current analysis is among the first to comprehensively evaluate the associations between a multitude of lipophilic POPs and body fat distribution. Previously, Malarvannan et al found that adipose tissue concentrations of PCB138, PCB153, PCB180, and p,p′-DDE were positively associated with VAT and VAT/SAT ratio measured by abdominal computed tomography (CT) scanning, but inversely associated with SAT among 52 patients with obesity ( 13 ) . With a larger sample size of 192 participants, the authors confirmed similar but somewhat weaker correlations of serum POPs with VAT and VAT/SAT ratio ( 13 , 16 ) . However, their analysis did not include important confounding factors for correlations between body fat and overall POP burden, such as age, which is closely associated with body composition and POP accumulation ( 32 ). In another analysis that was adjusted for age and other covariates, Roos et al found that plasma PCB118 and PCB180
were inversely associated with both VAT and SAT measured by CT among 173 postmenopausal women who were overweight/obese ( 17 ). In addition, the absolute values of beta coefficients from linear regression models were larger for VAT than for SAT, suggesting a closer relationship between circulating POPs and VAT as compared to SAT. In another study, Roos et al also showed that plasma PCB169 and PCB189 were inversely associated with VAT/SAT ratio among 287 Swedes aged 70 years, but neither associations reached statistical significance after multi-comparison correction ( 33 ). In that study, beta coefficients between POPs and VAT in the linear regression models were stronger than those for SAT, although the authors did not explicitly compare the associations of POPs with VAT and SAT. Our analysis provided more comprehensive evidence by performing formal comparisons for correlation coefficients of circulating POPs with two different fat depots, and the results suggested potential heterogeneity of regional fat depots in relation to circulating POPs.
The interpretation of stronger correlations between POPs and trunk fat must take into consideration the biological relationship between POP metabolism and adipose tissue functionality. Because adipose tissue is the primary storage site of lipophilic POPs ( 1 ), a stronger correlation between POPs and trunk fat may suggest that trunk fat is more important in regard to the pharmacokinetics of serum POP concentrations. Upper-body fat shows higher lipogenesis and lipolysis and more sufficient exchange with blood flow ( 34 ), which may favor the storage in and the release of POPs from fat in this region ( 1 ) . Accordingly, several studies have reported significantly different concentrations of POPs in VAT and SAT ( 11 , 12 ) , although other studies did not corroborate these findings ( 13 , 14 , 15 ) . Given the abundant evidence demonstrating a strong link between upper body fat accumulation and metabolic abnormalities, our findings are compatible with the hypothesis that POPs may partially account for this association. Clearly, more research is warranted to explore the inter-relationship among body fat distribution, POP metabolism and toxicity, and metabolic diseases.
Alternatively, the observed differences in correlations of POP with various regional fat depots may suggest stronger effect of POPs on fat metabolism in the trunk area ( 1 ). Adipocytes are under the regulation of sex hormones by expressing corresponding receptors on cell membrane. As endocrine disruptors, some POPs may interfere with the binding process and induce excessive fat accumulation ( 8 , 9 ) . Interestingly, one study reported higher expression of steroid receptor mRNA on the membrane of adipocytes from visceral depots than subcutaneous fat in rat model, with differences between fat depots even larger than the difference between sex for the same fat depot ( 35 ). Such findings suggested POPs might lead to more adipogenesis in VAT depots ( 36 ) . Consistent with this, a significant positive association between prenatal cord blood DDE and waist circumference has been reported among 57 girls aged 7-9 years, showing a stronger effect of POP on trunk fat accumulation during the critical developmental stage ( 36 ) . Apparently, further studies are warranted to provide more mechanistic insights underlying our observations, and the implications of a closer relationship between POPs and trunk fat on their pathological roles during the development of chronic diseases need to be elucidated in future investigations.
Other interesting observations were also made in the current analysis. Depending on age, both positive and negative correlations between certain POPs, such as p,p′-DDE, and body fat were observed. According to the hypothesis of Wolff et al ( 37 ) , POP concentrations will be inversely associated with body mass during exposure stage, and after 2 to 3 half-lives in human body, the correlations will turn into the positive direction. This model seems to be able to explain the flip in the direction of correlations between p,p′-DDE and fat accumulation by age. However, for other POPs, such as PCBs with ≥6 chlorines, similar patterns were not observed, which may due to other factors that are closely associated with age. Age reflects diverse lifetime POP exposures among participants in different birth cohorts, and the production and release of the POPs dramatically changed over time ( 37 ) . Meanwhile, age is also a significant predictor for the accumulation of adipose tissue in largely healthy populations. Therefore, older populations may have higher fat mass and percentages of body fat than younger populations ( 38 ) , leading to longer retaining of POPs ( 37 ) . The persistent inverse correlations between PCBs, especially those with a higher degree of halogenation, and fat depot by different age groups may be explained by the longer half-lives of PCBs with more chlorines ( 37 ) . Of note, despite these potential differences in correlation patterns between age groups, stronger correlations between POPs and trunk fat were consistently observed.
Our study was based on a nationwide sample of U.S. adults. The large sample size allows for the detection of small to moderate differences in correlations of POPs with various body fat depots. The list of POPs measured in NHANES 1999-2004 is, to our knowledge, the most comprehensive to date, which enables us to evaluate and compare different POPs in regard to their correlations with adiposity. In addition, we not only controlled for essential confounding factors, such as age, sex, smoking status, and history of parity and lactation for women, but also performed age-stratified analysis to further control the strong impact of age. Meanwhile, our study is subject to some limitations. POPs were measured in serum only, and adipose tissue levels of POPs and their correlations with POP fractions in the circulation are unclear. Second, we were unable to investigate the longitudinal relationship between POP exposure and body fat accumulation over time, due to the cross-sectional design of NHANES. Thirdly, our observations may not be generalized to all NHANES participants because only a small proportion (7.6%) of total study participants was included in this analysis. The participants included in the current analysis were younger, taller, and leaner than the rest of population examined. Future studies among populations with different characteristics are warranted.
Conclusions
In conclusion, we observed stronger correlations of circulating lipophilic POPs with trunk fat than leg fat measured by DXA. These findings may have implications both on future studies that aim at characterizing POP accumulation in the lipid compartment and on interpretation of fat tissue accumulation as an endocrine disrupting effect of these substances.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Partial Pearson a correlation between lipid-adjusted persistent organic pollutants with detection rate ≥70% and body fat percentages Table 3 Age All correlating variables were log-transformed. Pearson correlation coefficients were adjusted for gender, age (in years), ethnicity (non-Hispanic White, non-Hispanic Black, Hispanic, or other), education (high school or below, any college, and college graduate or above), regular moderate to-vigorous physical activity (yes, no), smoking status (never smoked, past smoker, current smoker with ≤10 cigarettes per day, current smoker with 11-20 cigarettes per day, or current smoker with ≥21 cigarettes per day), alcohol consumption (nondrinker, 1-3 drinks/day, or >4 drinks/day), history of parity and history of lactation.
* P values for the correlation coefficients between persistent organic pollutants and dual-energy x-ray absorptiometry body fat percentage <0.05 after multi-test corrections using step-down Bonferroni method of Holm.
# P values for comparisons of correlation coefficients for persistent organic pollutants with trunk fat percentage and leg fat percentage <0.05 after multi-test corrections using step-down Bonferroni method of Holm.
